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ABSTRACT In the brains of aged humans and cases of
Alzheimer disease, deposits of amyloid in senile plaques are
located in proximity to nerve processes. The principal compo-
nent of this extracellular amyloid is ,B/A4, a peptide derived
from a larger amyloid precursor protein (APP), which is
actively expressed in brain and systemic organs. Mechanisms
that result in the proteolysis of APP to form fl/A4, previously
termed fi-amyloid protein, and the subsequent deposition ofthe
peptide in brain are unknown. If 8/A4 in senile plaques is
derived from neuronally synthesized APP and deposited at
locations remote from sites of synthesis, then APP must be
transported from neuronal cell bodies to distal nerve processes
in proximity to deposits of amyloid. In this study, using several
immunodetection methods, we demonstrate that APP is trans-
ported axonally in neurons of the rat peripheral nervous
system. Moreover, our investigations show that APP is trans-
ported by means of the fast anterograde component. These
findings are consistent with the hypothesis of a neuronal origin
of fi/A4, in which amyloid is deposited in the brain paren-
chyma of aged individuals and cases of Alzheimer disease. In
this setting, we suggest that APP is synthesized in neurons and
delivered to dystrophic nerve endings, where subsequent al-
terations of local processing of APP result in deposits of brain
amyloid.

A pathological hallmark of the brains of individuals with
Alzheimer disease (AD) is the formation of senile plaques,
which consist of abnormal axonal and dendritic processes
(neurites) surrounding extracellular deposits of amyloid fi-
brils (1, 2). The amyloid in plaque cores is composed of a
4-kDa peptide, 8/A4 (3, 4), which is derived by proteolysis
from the transmembrane amyloid precursor protein (APP).
At least three APP cDNAs have been identified: APP-695,
APP-751, and APP-770 (5-8). The latter two APP transcripts
encode additional domains that share structural homologies
with the Kunitz family of serine protease inhibitors (6-8). In
cerebral cortex, APP mRNAs are transcribed actively in
neurons (9, 10), but the function of APP isoforms is largely
unknown. Moreover, proteolytic events that cleave ,/A4
from APP, leading to amyloid deposition, are not clear (11).
However, two prevailing hypotheses, not mutually exclu-
sive, argue for neuronal (4, 12) and vascular (3, 13) origins of
,8/A4, previously termed f-amyloid protein. Evidence for a
neuronal origin centers on two principal findings: the topo-
graphic distribution of senile plaques within gray matter (4,
12) and the neuronal localization of all APP mRNAs, includ-
ing high levels of expression of the brain-enriched transcript
(APP-695) (9, 14). However, to date, a consistent correlation
between levels of APP expression in brain and the distribu-

tion of deposits of amyloid has not been clearly established
(10, 15-19).
The rationale for the present investigation is based on the

hypothesis that, if /8/A4 is derived from neuronal APP and is
deposited at locations remote from the site of synthesis, APP
must be translocated from perikarya to distal terminals in
proximity to sites of amyloid deposition. Because APP is a
membrane-associated glycoprotein (5, 20, 21), the fast axonal
transport of membrane components (22) is a mechanism by
which APP can reach neurites that surround extracellular
deposits of amyloid. Therefore, we suggest that APP, axon-
ally transported from perikarya to neuritic endings, is aber-
rantly processed at sites of amyloid deposition to form
parenchymal 8/A4 (11). In this study, we used an experi-
mental paradigm that involved axonal blockage by nerve
ligation in combination with three immunodetection methods
to examine the anterograde transport of APP within periph-
eral nerves. Our findings suggest that APP, synthesized in
rodent peripheral sensory neurons, is transported within
axons by the fast anterograde system.

MATERIALS AND METHODS
Adult Sprague-Dawley rats (200-250 g) were anesthetized
with 4% chloral hydrate i.p., and the sciatic nerve was exposed
at the level of the hip flexure =3 cm distal to the L4-L5 dorsal
root ganglia (DRG). Two ligations, 8-10 mm apart, were
placed on the sciatic nerve with surgical sutures. The wound
was closed, and animals were allowed to recover for various
times. Subsequently, ligated sciatic nerves were used for
immumoblotting or immunocytochemistry. In addition, the
sciatic nerve was transected before nerve ligation in one group
of animals. In these animals, a 5-mm segment of sciatic nerve
was transected ="1 cm distal to the L4-L5 DRG. Six days later,
the sciatic nerve distal to the transection was ligated as before,
and the tissue was harvested 24 hr later for analysis.
For immunoblotting, two to five animals from the ligated

group were sacrificed at 6, 12, 24, or48 hr after ligations. Equal
segments of sciatic nerve (4-5 mm) were homogenized in 2x
Laemmli buffer, fractionated in denaturing polyacrylamide
gels (7% isocratic or 3-20% gradient gels), and transferred to
nitrocellulose membranes. The membranes were incubated
with an anti-APP monoclonal antibody (22C11) specific to the
N-terminal region of all APP isoforms (21) or an anti- tubulin
monoclonal antibody (Amersham), followed by an 12 I-labeled
rabbit anti-mouse antibody to detect the primary antibody. In
several experiments, the peroxidase-antiperoxidase tech-
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nique (23) with diaminobenzidine as the chromogen was used
to detect the primary antibody. Blots incubated with the
radiolabeled antibody were exposed to x-ray films. Subse-
quently, the band corresponding to the APP signal in each
nerve segment was excised from the membranes, and radio-
activity (dpm) was determined in a y counter.

Pulse labeling of lumbar sensory neurons was carried out
by microinjecting the L4 and L5 DRGs with 100 Ci of
[35S]methionine (1 Ci = 37 GBq). Two hours later, sciatic
nerve ligatures were placed as previously described. In
animals sacrificed 20 hr after ligation, 5-mm nerve segments
proximal and distal to ligatures were removed and analyzed
by immunoprecipitation with a rabbit anti-APP polyclonal
antibody (anti-Fd-PreA4) (21). The immunoprecipitation
mixture was subsequently fractionated by SDS/PAGE as
described above and exposed to x-ray film after fluorographic
enhancement.
The rabbit anti-APP polyclonal antibody (anti-Fd-PreA4)

was used for immunocytochemical localization of APP in
sciatic nerves that had been doubly ligated as described above.
After ligation, nerve segments proximal and distal to ligatures
were frozen, and cross sections (10 ,um) of these segments
(mounted on glass slides) were incubated with the polyclonal
antibody. A goat anti-rabbit secondary antibody, followed by
peroxidase-antiperoxidase of rabbit origin and diaminobenzi-
dine, detected APP immunoreactivity in the nerve. Staining
was not seen in negative control sections in which the anti-APP
primary antibody was replaced by normal rabbit serum.

Acetylcholinesterase activity in the sciatic nerve was an-
alyzed by using [14C]acetylcholine as substrate (24). Enzyme
activity in consecutive 2-mm nerve segments proximal to the
first ligature was assayed in three animals at 6, 12, and 24 hr
after sciatic nerve ligation, respectively. Ethopropazine (0.1
mM) was added to the incubation mixture to inhibit
pseudocholinesterase activity (25). ['4C]Acetate released in
the reaction was recovered by tetraethylboron and toluene-
acetonitrile extraction (24).

homogenates of the DRG and sciatic nerve (Fig. 1). Heter-
ogeneity in molecular masses of the immunoreactive APP
species in these tissues is consistent with reports (21, 26, 27)
that the protein is modified posttranslationally. In sciatic
nerve, APP was most conspicuous in nerve segments prox-
imal to a ligature placed 6-48 hr previously (Fig. 1). Specif-
ically, up to 24 hr after ligation, APP accumulated progres-
sively in the segment immediately proximal to the first
ligature (Fig. 2A); at 48 hr after ligation, there was some
attenuation of accumulation of APP. In addition, an extra
band of -75-80 kDa was seen in the segment just proximal
to the ligature at all postligation time points. It is not clear
whether this band of lower intensity represented breakdown
products of APP. Accumulation ofAPP was not observed up
to 48 hr after ligation in nerve segments between the two
ligatures or in the segment immediately distal to the second
ligature, where retrogradely transported material would be
detected. These observations are consistent with the fast
anterograde transport of APP. The rate of transport was
further confirmed by two additional control experiments with
constituents carried by fast or slow axonal transport (i.e.,
acetylcholinesterase or ftubulin, respectively) (22). Six
hours after ligation, the activity of acetylcholinesterase was
highest in the nerve segment immediately proximal to the
ligature and-progressively increased up to 24 hr after ligation
(Fig. 2B). In contrast, 3-tubulin did not accumulate in prox-
imal nerve segments 24 hr after ligation (data not shown).
Three additional studies were performed to establish that

DRG neurons were the ultimate source ofAPP detected in the
sciatic nerve, rather than being derived from sources unrelated
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RESULTS
By immunoblotting, the anti-APP monoclonal antibody
(22C11) detected a broad band between 100-135 kDa in
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FIG. 1. Detection ofAPP accumulation in ligated sciatic nerve by
immunoblotting. (A) Diagrammatic representation of the ligation
paradigm. Lanes: a, L5 DRG; b-i, consecutive nerve segments from
proximal to distal; arrows indicate ligature positions. (B) Immunoblot
of equal segments of sciatic nerve corresponding to the diagram ofA
24 hr after ligation. Molecular mass markers on right are in kDa.
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FIG. 2. Accumulation of APP (A) and acetylcholinesterase (B)
activity in ligated sciatic nerves as a function of time: 0, 6 hr; A, 12
hr; e, 24 hr. (A) Each point represents the relative amount of APP
accumulation in a nerve segment (-4 mm), from proximal to distal,
expressed as a ratio of radioactivity of a single segment divided by
the value of the most proximal segment. The average of two animals
was used from the 6- and 12-hr time points; the average of five
animals was used from the 24-hr time point (+SEM). (B) Acetyl-
cholinesterase activity in each nerve segment (2 mm), from proximal
to distal, is expressed as the amount of (14C]acetate (cpm) released
in the reaction. Values on the abscissa represent the distances ofeach
sample from the first ligature.
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a b c d e f 9 h i upper bands present in the untransected nerve. Thus, in
-200 homogenates of whole nerve or ganglia, there may be two

different species ofAPP derived from two separate sources-
the axoplasm and the nonneuronal elements (Schwann cells,
blood vessels, or other mesenchymal cells). Based solely on
determinations by molecular mass, the lower bands (97-110
kDa) seen in untransected nerve corresponded to the APP-695

-9''!* he _ ^ -110 isoform (Fig. 3, lane h), whereas, in transected nerve (i.e.,
_' p-nonneuronal constituents), the bands (110-135 kDa) corre-

w 97sponded to the APP-770 isoform (Fig. 3, lane i).
In the second study, lumbar DRG were microinjected with

[35S]methionine, followed 2 hr later by ligations of the sciatic
nerve as described previously. Twenty-four hours after liga-
tion, immunoprecipitation of homogenized nerve segments
demonstrated an accumulation of labeled APP proximal to

-68 the first ligature (Fig. 4), indicating that the accumulation of
APP detected in ligated nerves must have originated from
labeled neuronal perikarya.

In the third study, immunocytochemistry localized APP
immunoreactivity within axons of the sciatic nerve. One day

FIG. 3. Pattern of APP in ligated sciatic nerve preceded by nerve after sciatic nerve ligation, APP immunoreactivity localized
transection. Immunoblots show equal nerve segments corresponding within many swollen axons was observed proximal to the first
to various levels of sciatic nerve transected 6 days before ligation. ligature. Immunostaining was more intense in enlarged axons
Nerve samples in this blot were harvested 24 hr after ligation. The wichtwre di stended, inpar, de t eaonso
detection method used in this experiment was a standard peroxidase antere trnsed material (i 5hA anduB).aNonneu
technique. Lanes: a, control DRG; b-f, consecutive segments prox- anterogradely transported material (Fig. 5 A and B). Nonneu-
imal and distal to the first ligature (arrow) in a sciatic nerve transected ronal cells, myelin, and interstitial spaces did not show APP
previously; g, segment immediately proximal to the first sciatic nerve immunoreactivity. Moreover, immunostaining was not de-
ligature without prior transection (see Fig. 1B lane e); h and i, lysates
of COS-1 cells transfected transiently with full-length human APP- N
695 and APP-770 cDNAs, respectively (27). Molecular mass markers
on right are in kDa.

to axonal transport, such as from the circulation or from local
synthesis by Schwann cells. In the first experiment, the
proximal sciatic nerve was initially transected near the DRG,
and the distal sciatic nerve stump was ligated 6 days later.
Immunoblotting of these ligated nerve segments, which had
undergone Wallerian degeneration, revealed two differences.
(i) In contrast to the untransected nerve, APP did not accu-
mulate in the nerve segment immediately proximal to the first
ligature. This finding argues against significant local synthesis
of APP by nonneuronal cells as a contributor to APP accu-
mulation in nerve segments proximal to the ligature (Fig. 3).
(ii) Moreover, in these preparations, the composition of pro-
teins detected by the monoclonal antibody was somewhat
different and was most readily appreciated in low percentage
(7%) isocratic gels. In the ligated but untransected nerve (Fig.
3, lane g), four sets of bands (75-135 kDa) were found. In
contrast, in transected nerves (Fig. 3, lanes b-f), only two sets
of bands were observed, both of which overlapped the two
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FIG. 4. Detection by immunoprecipitation of labeled APP from
nerve segments proximal to ligation of sciatic nerve after pulse-
labeling L5 DRG with [35S~methionine. Lane a is from the injected
DRG; lanes b-h are consecutive segments proximal and distal to
ligatures (arrows). Molecular mass markers on right are in kDa.
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FIG. 5. APP immunoreactivity within sciatic nerve axons prox-
imal to the first ligature. (A) In this cross-section of nerve taken
immediately proximal to the first ligature, APP immunoreactivity
appears as globular deposits of stained material (arrows). (x300.) (B)
An adjacent section counterstained with Luxol fast blue, a myelin
stain. Immunostained areas in A can be identified as distended axons
(arrows) within myelin sheaths (arrowheads). (x300.)
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xtected in axons within or distal to ligatures. Thus, these studies
confirmed that the accumulation of APP proximal to a sciatic
ligature was due to the axonal transport of proteins synthe-
sized in lumbar sensory neurons.

DISCUSSION
In aged individuals and in cases of Alzheimer disease,
amyloid appears to be deposited preferentially in proximity to
neurites, some of which may be remote from perikaryal sites
of synthesis (28, 29). Thus, if neuronally synthesized APP is
a potential source of parenchymal /3/A4, APP must be
transported from neuronal cell bodies to distal terminals. Our
results show that APP, synthesized in lumbar sensory neu-
rons, is transported anterogradely in axons of the peripheral
nervous system. If similar processing occurs with APP syn-
thesized in neurons of the central nervous system, the
difficulties encountered in correlating the distribution of
amyloid deposits with levels of APP mRNAs may be partly
explained (10, 14-19). In this setting, the relationship be-
tween expression of neuronal APP and formation of amyloid
may be resolved only when a correlation between the amy-
loid deposition within a cortical region and the APP source is
established.

This study focuses on APP transport within the peripheral
nervous system and does not address the fate of this trans-
ported APP. Conceptually, in brain, neuronally synthesized
APP could also be axonally transported and be inserted into
the axolemma or destined for nerve terminals. This hypoth-
esis is consistent with our recent immunocytochemical stud-
ies of APP in the brains of aged nonhuman primates (30) that
develop senile plaques (31). In these aged monkeys, APP
immunoreactivity was seen in neurons, in axons of the deep
cerebral white matter, and in neurites that surround senile
plaques. In the latter location, patterns of APP and synap-
tophysin immunoreactivities were very similar, suggesting
colocalization of these proteins within neurites. Because
synaptophysin is a membrane glycoprotein associated with
presynaptic elements (32), this finding indicates that APP
may be transported in central nervous system axons to nerve
terminals. Although the precise fate of APP is unknown, all
or part of the molecule could be secreted at the nerve

terminal. This concept is supported by two recent observa-
tions: in cultured cells, a large portion of the extracellular
domain of APP is secreted (21, 26, 27) and APP molecules
lacking the carboxyl-terminal domain are present in human
cerebrospinal fluid (21, 33). Finally, in the brains of aged
monkeys, APP immunoreactivity is also present in j/A4-
positive plaque cores (30). Interestingly, within occasional
plaques, f3/A4 immunostaining appears to decorate the edges
of neurites adjacent to deposits of amyloid. Because P/A4
unassociated with the membrane is highly insoluble (4, 12)
and spontaneously self-assembles into amyloid fibrils (34,
36), the proteolysis of APP and the release of j/A4 into the
neuropil are likely to occur at sites of amyloid deposition (11).
Taken together, these observations suggest that one mech-
anism of amyloidogenesis in brain parenchyma may be the
result of alterations in the processing of axonally transported
APP that occur at nerve terminals.
Our present understanding of the biological role of APP

isoforms, including the isoform specific for the nervous

system (APP-695), is incomplete (11, 35). Because f/A4
deposition in plaque cores is specific to brain, hypotheses
that correlate amyloid formation with the biology of APP-695
are inherently appealing. Thus, it will be important to verify
that APP-695 is selectively transported in neurons-a result
that awaits confirmation pending the availability of antibod-
ies specific to each APP isoform. Nonetheless, based solely
on molecular-mass criteria, our data suggest that APP-695 is
the predominant APP species transported axonally in the

peripheral nervous system. If this observation is confirmed in
neurons of the central nervous system, APP-695 could be the
direct precursor to the P/A4 peptide deposited as amyloid in
the brain parenchyma of individuals with Alzheimer disease.
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